Data from wavelength λ1 were used during crystallographic refinement. R free calculated with 5% of all reflections excluded from refinement stages using the native data set. No I/σI cutoff was used in the refinement. The intimate association explains why the catalytic donations of active sites. Thus, a tRNA substrate was proposed to interact simultaneously with kinase and phosmains could not be separated by proteolysis ( Figure  1C ). Despite the tight association of the kinase and phatase sites facing each other across the tetramer interface, contributed by two monomers (Galburt et al., phosphatase domains, the two PNK molecules in the crystallographic asymmetric unit display a moderate 2002). Mammalian PNK, on the other hand, is a monomer, where only the double interdomain linkage stabidegree of flexibility (10°rotation) in domain orientation. While the flexibility does not perturb either active site, lizes the domain orientation. Because in mPNK there is only a single kinase and phosphatase active site, it is it may enable PNK to adjust to different DNA-strand break structures.
convenient for them to face in the same direction, presumably from where all substrates approach. Although the kinase and phosphatase domains are reversed in order in the sequence of mammalian and T4 PNK, in the three-dimensional structure their spatial orientation is similar. The phosphatase is located on the The Kinase Domain Substrate Specificity same side of the kinase in both molecules, but a significant shift between the domains alters the relative orienEarly experiments on PNK revealed major differences in substrate preference between the mammalian kinase tation of the kinase and phosphatase active sites. In T4 PNK the active sites of one monomer point in opposite and the T4 kinase, consistent with the known biological functions of the two enzymes (Karimi-Busheri et al., directions, whereas in mammalian PNK, the two active sites face approximately the same direction. However, 1998). T4 PNK was shown to prefer 5#-overhanging substrates over either blunt or 5#-recessed termini, the tetrameric organization of T4 PNK stabilizes the relative orientation of the kinase and phosphatase and whereas mammalian PNK was shown to preferentially phosphorylate nicks and small gaps compared to sinallows the substrate a choice between several combi- To further define the kinase substrate preferences of appears to be immaterial. Indeed, the overhanging DNA may be entirely single-stranded with no decrease in re-PNK, we assessed the ability of mPNK to phosphorylate 5#-hydroxyl groups in a series of DNA substrates with two cessed 5#-hydroxyl phosphorylation. Structure of the Kinase Domain possible sites of phosphorylation, a 5#-hydroxyl at a blunt, double-stranded end, and a second 5#-hydroxyl
The 189-residue kinase domain of mPNK is larger than its similarly folded counterpart in T4 PNK, which conat an internal site, corresponding to a gap or a nick (Figure 2A) . At low concentration, mPNK exhibited a tains only 148 residues. This domain, which belongs to the adenylate kinase family, consists of a 5-stranded clear preference for the 5# recessed hydroxyl over the blunt-ended substrate ( Figure 2B ), as well as over singleparallel β sheet, common to GTPases and P loop kinases (Leipe et al., 2003) , flanked by helices on both stranded DNA (data not shown). However, as the enzyme concentration increased, the selectivity for the recessed sides. In addition, three helices (α12, 13, and 15) lie between the α/β sandwich and the phosphatase domain. 5#-hydroxyl was lost. We next explored the optimal structure around the 5# recessed hydroxyl, varying the size The T4 kinase is smaller, containing only a 4-stranded parallel sheet with comparable topology. of the gap in our model substrate ( Figure 2C clashes with the ribose ring, and would need to be ro-2 (α9 in mPNK) and a longer helix 3 (α10 in mPNK), extends over the substrate binding site, enclosing the tated upon ATP binding. Alternately, ATP may adopt different conformations in mammalian and T4 PNK or the active site in a tunnel narrow enough to admit only single-stranded DNA ( Figure 3B ). In mPNK the active site lid may refold upon ATP binding. CD studies of human PNK showed a significant decrease in α-helical strucis more accessible to solvent and to substrate, which is generally larger than the optimal T4 kinase substrate. ture upon ATP binding (Mani et al., 2003 A Model for the Phosphatase/Substrate Complex located on adjacent β strands and the phosphopeptide is bound by loops on the opposite side of the domain. Substrate specificity varies widely in the HAD phosphotransferase family. To account for our finding that the In the structure of full-length mPNK, the peptide binding loops of the FHA domain were poorly ordered, and minimal substrate for the mPNK phosphatase is a single-stranded DNA of at least 3 nucleotides in length, it was impossible to predict how this protein would interact with a phosphopeptide. We therefore expressed we propose a model of the phosphatase:substrate complex ( Figure 5C ). In the model, the 3#-phosphate an isolated FHA domain, which we co-crystallized with an XRCC4-derived phosphopeptide (Ac-YDES ( density for regions of the peptide C-terminal to pT+2. measure their affinities for the XRCC4-derived phosphopeptide, relative to the wild-type domain. Arg 44 This strongly suggests that the PNK FHA does not contact these residues, and is consistent with previous and Lys 45 were mutated to alanine, while Arg 48, which makes critical contacts to the phosphothreonine work that has shown that this domain, unlike all other well-studied members of this family, does not exhibit as well as interactions with pT-3, was mutated to Asn, which is found in several FHA domains and has been selectivity for the pT+3 residue.
To test the importance of Arg 44, Lys 45 and Arg 48 shown to mediate phosphothreonine recognition. As shown in Figure 6C , the R44A and R48N mutations abfor phosphopeptide recognition, we mutated each of these residues and used fluorescence polarization to lated the ability of the the FHA domain to recognize the phosphopeptide, confirming an essential role for both stranded 5# ends will be encountered, which would be poor substrates for mPNK. We suggest that such ends of these residues in peptide binding. In marked contrast, mutation of Lys 45 did not affect the binding affinmight first be processed by the NHEJ-associated nuclease Artemis ( 
